A 3D numerical model is created to study the sorting behavior of mixed-grain-size sediments in oscillatory sheet flow, including both particle-particle interaction and particle-fluid interaction. Additionally, beside this symmetry sinusoidal oscillatory flow, the sorting processes of mixed sands in asymmetry progressive cnoidal wave are also numerically investigated. The results of mixed sands under symmetric oscillatory flow show that the water particle semi-excursion is a key influence factor on the armoring effect. For the cnoidal wave, the vertical sorting proceeds until the wave crest passes by and fully develops in a complete period. The concentration centroid of large particles becomes higher landward within 2 periods.
INTRODUCTION
The vertical sorting process of graded sediments is one of the most important parts in the cross-shore sediment transport, as field observations show that sea bed sediments are generally composed of a mixture of different grain sizes 1) . In the cross-shore sediment transport, sheetflow is the dominant process of shoreline change because a large amount of sediment is transported in sheetflow regime 2) . For this reason, most of the hydrodynamic experiments and numerical simulations are conducted in sheetflow regime.
Experiments of graded sediments under unidirectional open channel flows were carried out originally, and these studies showed that the armoring parameter is a vital parameter for specifying the armoring effect. Later, in order to imitate the real conditions in sea, experiments under oscillatory flows are investigated. Ahmed and Sato 3) performed experiments with three mixed-grain-size sediments under cnoidal wave with first order approximation.
Hassan and Ribberink 1) applied bi-model and tri-model to study the sediment transport of mixed sands under 2nd-order Stokes waves.
In the numerical simulation, both sub-mechanisms of fluid-particle interaction and particle-particle interaction should be considered. There are typically two kinds of models for the mixed-grain-size sediments. One is the two-phase flow model 4) , an Euler-Euler coupling model, which is good at dealing with fluid-particle interaction but weak at particle-particle interaction, as both flow model and particle model are Eulerian, while the motion of particles is Lagrangian in nature. This deficiency has been improved in the granular model 5) , a Lagrangian model with coupled two-way flow models. However, in the granular models, the behaviors of particles are emphasized while the flow characteristics are mostly simplified.
In this paper, a 3D numerical model of movable bed is established based on Lattice Boltzmann Method (LBM) with free surface flow and SGS turbulence model. The fluid-particle interaction and particle-particle interaction are calculated by using a link-bounce-back scheme. The processes of mixed sands under symmetric sinusoidal oscillatory flow and asymmetric fluid particle motion based on cnoidal wave theory are performed with the present model. The concentration centroids of mixed sands under symmetric oscillatory flow are compared to the experiment results of Harada and Gotoh 5) .
MODEL DESCRIPTION
Ladd's 6) LBM model for particle-fluid suspensions has been extended to free-surface flow with turbulence effect by He et al. 7) The basic Boltzmann equation is given in
where f i (x,t) is the particle distribution function (DF), indicating the number of particles with a velocity vector of i direction in the lattice of x position at time t. Here e i is the velocity components (i=0, 1, ..., 18) of each single lattice. With the DFs, the macroscopic density, momentum density and momentum flux can be determined as
The post-collision DFs of a moving particle are For the fluid-particle interaction and particle-particle interaction, the momentum exchange can be simulated by applying the link-bounce-back scheme for the movable solid particles in the fluid. Figure 1 shows the momentum transfers between DFs of fluid nodes and boundary nodes. It should be emphasized that the velocity components transfer parallel to the 18 DF directions. Hence, the DFs of moving boundary node can be updated from
where the subscript b indicates values of surface boundary nodes. For simplifying the update procedure, the mean density ρ 0 is used instead of the local density ρ 6) . The local velocity of the particle surface u b is a function of the particle velocity U, angular velocity Ω, and distance ( 
Then the new position of an individual particle is updated with Newton's second law of motion 7) .
The SGS turbulence term based on Smagorinsky model is added to the collision term of the general Lattice Boltzmann Equation (LBE) with BGK approximation. The Equation of Smagorinsky eddy viscosity is ν t =(CΔx) 2 |S|, where |S| is the magnitude of the local stress tensor, and C is Smagorinsky constant (C=0.1 is used in this paper). For the simulation of free-surface interface, the method based on VOF algorithm, in which a fluid fraction parameter ε is used to distinguish fluid (ε=1), gas (ε=0) and interface lattices (0<ε<1), is applied. It is assumed that fluid and gas lattice can become interface lattice and vice versa when ε varies during the simulation, and the extra mass caused by lattice type change is redistributed to its neighbor lattices to ensure the mass conservation. Also lubrication force is implemented when two particles getting close to each other.
MIXED SANDS UNDER SYMMETRIC OSCILLATORY FLOWS (1) Model Set-up
Three types of grains with diameters of d 1 =0.5cm, d 2 =1.0cm and d 3 =1.5cm, with specific gravity s=2.65, are placed in a 16cm×16cm×16cm cubic flume under sinusoidal oscillatory flows. Periodic boundary conditions are used for the left and right side of the computation domain and no-slip boundary conditions for the others. The initial positions of particles shown in Fig. 2 are obtained from the settling down of particles, which are initially suspended randomly without contact to the adjacent particles in the cubic computation domain.
Five cases with different simulation characteristics ( Table 1 and Table 2 ) are performed to check the influence of Shields parameter, period of oscillatory flow, bottom layer thickness and the slope of bottom on the vertical sorting progress of mixed-grain-size sediments. Case 1 is set as a basic case for the comparison. In order to get a clear idea of the vertical sorting process of mixed sands, particles with large diameters, which is 10 times larger than usually used in experiments 1), 3) but the same as Harada and Gotoh's 5) , are used in the simulations. Oscillatory flows with relatively large maximum velocities and short periods T of 1s and 2s, which also have been applied by Harada et al. 8) and Gotoh et al. 9) , are used in the present simulations to save computation time. With a frictional coefficient of 0.024, the induced flow-velocity amplitudes of 220cm/s and 280cm/s give the Shields parameters of 0.36 and 0.58, respectively.
(2) Influence of the Shields parameter Ψ, period T, and the slope on the sorting process Figure 3 and Figure 4 show computational snapshots of Case 1 and the other four cases at different phases of oscillatory flows. A relatively small phase lag of 16.5° is detected due to the turbulence effect. Figure 5 shows the centroids of concentrations of particles, which are the deviation from the initial position of all particles in the sheetflow layer with the same grain size. The concentration centroids of larger particles increase significantly and middle particles rise up with a small height, while small particles decrease in Case 2 (Fig. 5a) . The numerical result is quite similar to the experimental results in Harada and Gotoh's 5) case with similar Shields parameter of 0.27, which indicates that the present model is quite reliable.
The snapshots with both side-view and top-view of Case 2 ( Fig. 4a) and Case 1 (Fig. 3c) show that the phenomenon of vertical sorting is more significant with larger Shields parameter.
In Case 3, where the period of oscillatory flow increases to the double of Case 1, vertical sorting is not fully attained. However, after 1.0T, armor effect is not sufficiently working (Fig.5b) and the middle and large particles become suspended and mixed at the surface layer (Fig.4b) . The flow velocity U m and Shields parameter for Case 3 and Case 1 are the same, while the angular velocity ω becomes half. Hence the water particle semi-excursion A (in the function U m =Aω) increases, which induces the Keulegan-Carpenter number to increase, resulting the increase of drag force with the remained pressure force. As a result, sediment particles become more active, and the armoring effect breaks. The simulation of sloping bottom is conducted by using the components of gravity force in x-direction and z-direction on a flat bottom, for ease of periodic boundary condition for the oscillatory flows. When a sloping bottom is used for the simulation, the resultant centroids of concentration of particles are quite similar to Case 1. However, large particles move much faster in the down-hill flow (Fig. 4c). (3) Influence of sediment layer thickness on the sorting process
Armoring takes effect earlier in Case 5, where the thickness δ of sediments increases to the double of Case 1 (Fig. 4d) . Particles in the bottom layer move more slowly than particles in the top layer in Case 5, hence the centroids of concentrations of large and middle particles are lower than those of Case 1 while the centroid of concentrations of small particles is higher than that of Case 1 (Fig. 5d). 
MIXED SANDS UNDER PROGRESSIVE CNOIDAL WAVE
The second approximation of cnoidal wave theory is applied to generate a cnoidal wave with a still water depth of 20cm, wave height of 14cm and period of 1.4s. Sediment mixture C in Table 2 with δ of 4cm and s of 1.10 are set in the numerical flume to obtain a view of the behavior of mixed sands. The corresponding Shields parameter Ψ is 0.3.
The initial wave level is the same as the still water depth and initial fluid velocity is zero. Periodic boundaries with time series of the water level and water velocities in x-and z-direction are given at left and right sides of the computation domain. Figure 6 shows the simulated water elevation level and flow velocity fields in the x-z plane at different phases. A typical cnoidal wave is generated (Fig. 6a) and the wave breaks at some phases (Fig. 6b) due to the water level difference induced during the simulation. Figure 7 gives some snapshots of mixed sands at the center area of the computation domain. The vertical sorting proceeds (Fig. 7a) until the wave crest passes by (Fig. 6a) and fully develops in a complete wave period T (Fig. 7b) .
The concentration centroids of particles for overall width are, however, not uniform in the wave progressing direction. The concentration centroid of large particles is higher landward from around 0.7T, however, becomes slightly higher seaward after 2.4T ( Fig. 8) , due to the effects of spatially periodic boundary conditions. 
CONCLUSIONS
A 3D numerical model based on LBM is established to study the vertical sorting process of mixed-grain-size sediments under oscillatory flow and progressive wave by including both particle-particle interaction and particle-fluid interaction with free surface flow and SGS turbulence model.
The results of mixed sand under symmetric oscillatory flow show that the water particle semi-excursion A is one of the key influence factors in the sorting process, which increases with the increase of period. Sediment particles become more motive with the increase of A, and as a result, the vertical sorting is not well established.
The results of mixed sand under asymmetric oscillatory flow generated from the second approximation of cnoidal wave theory show that the vertical sorting proceeds until the wave crest passes by and fully develops in a complete period. The concentration centroids of particles for overall width are not uniform in the wave progressing direction. The concentration centroid of large particles becomes higher landward within 2 periods.
